The atypical chemokine receptor ACKR3 contributes to chemotaxis by binding, internalizing, and degrading the chemokines CXCL11 and CXCL12 to shape and terminate chemotactic gradients during development and immune responses. Although unable to trigger G protein activation, both ligands activate G protein-independent ACKR3 responses and prompt arrestin recruitment. This offers a model to specifically study ligand-specific receptor conformations leading to G proteinindependent signaling and to functional parameters such as receptor transport and chemokine degradation. We here show chemokine specificity in arrestin recruitment, by different effects of single amino acid substitutions in ACKR3 on arrestin in response to CXCL12 or CXCL11. Chemokine specificity in receptor transport was also observed, as CXCL11 induced faster receptor internalization, slower recycling, and longer intracellular sojourn of ACKR3 than CXCL12. Internalization and recycling rates of the ACKR3 R142 3.50 A substitution in response to each chemokine were similar; however, ACKR3 R142 3.50 A degraded only CXCL12 and not CXCL11. This suggests that ligand-specific intracellular receptor transport is required for chemokine degradation. Remarkably, the failure of ACKR3 R142 3.50 A to degrade CXCL11 was not caused by the lack of arrestin recruitment; rather, arrestin was entirely dispensable for scavenging of either chemokine. This suggests the involvement of another, yet unidentified, ACKR3 effector in scavenging. In summary, our study correlates ACKR3 ligand-specific conformational transitions with chemokine-dependent recep-tor transport dynamics and points toward unexpected ligand specificity in the mechanisms of chemokine degradation.
The atypical chemokine receptor ACKR3 contributes to chemotaxis by binding, internalizing, and degrading the chemokines CXCL11 and CXCL12 to shape and terminate chemotactic gradients during development and immune responses. Although unable to trigger G protein activation, both ligands activate G protein-independent ACKR3 responses and prompt arrestin recruitment. This offers a model to specifically study ligand-specific receptor conformations leading to G proteinindependent signaling and to functional parameters such as receptor transport and chemokine degradation. We here show chemokine specificity in arrestin recruitment, by different effects of single amino acid substitutions in ACKR3 on arrestin in response to CXCL12 or CXCL11. Chemokine specificity in receptor transport was also observed, as CXCL11 induced faster receptor internalization, slower recycling, and longer intracellular sojourn of ACKR3 than CXCL12. Internalization and recycling rates of the ACKR3 R142 3.50 A substitution in response to each chemokine were similar; however, ACKR3 R142 3.50 A degraded only CXCL12 and not CXCL11. This suggests that ligand-specific intracellular receptor transport is required for chemokine degradation. Remarkably, the failure of ACKR3 R142 3.50 A to degrade CXCL11 was not caused by the lack of arrestin recruitment; rather, arrestin was entirely dispensable for scavenging of either chemokine. This suggests the involvement of another, yet unidentified, ACKR3 effector in scavenging. In summary, our study correlates ACKR3 ligand-specific conformational transitions with chemokine-dependent recep-tor transport dynamics and points toward unexpected ligand specificity in the mechanisms of chemokine degradation.
Atypical chemokine receptors (ACKRs) 6 are devoid of G protein signaling and do not directly mediate chemotaxis. However, they modulate, shape, and extinguish chemokine gradients by virtue of efficient chemokine scavenging and degradation (1) . Chemokine gradient regulation by ACKRs is crucial for the timely coordination of chemotaxis during development and the immune response. ACKRs cycle between the cell surface and intracellular compartments; they internalize chemokines, which is followed by the rapid release of chemokine degradation debris into the extracellular space (2) . How and where intracellular chemokine degradation occurs remains ill-described.
ACKR3 (also known as CXCR7) binds and degrades the constitutively expressed chemokine CXCL12, which plays essential roles in embryonic organogenesis and leukocyte maturation (3) (4) (5) . Chemotactic responses to CXCL12 are mediated by the canonical receptor CXCR4. ACKR3 also binds and degrades the interferon-regulated inducible chemokine CXCL11, which directs activated T-cells to target tissues during infections and in autoimmune disease, mediated by the canonical receptor CXCR3 (3, 6 -8) . Although lacking G protein signaling, ACKR3 recruits the scaffolding protein arrestin in response to ligand binding and activates G protein-independent signaling cascades (9, 10) . Therefore, ACKR3 has been called a "biased receptor" (11) .
Canonical seven-transmembrane domain receptors (7TMRs) activate both G protein and arrestin pathways, which extensively cross-talk (12) , and most studies reporting agonist bias compare efficacy in G protein activation with arrestin recruitment. The extensive ligand/receptor promiscuity in the chemokine system has indeed served to illustrate agonist bias using endogenous ligands (13) (14) (15) ). It appears, however, that the G protein versus arrestin comparison is an oversimplification of the concept of agonist bias. For example, arrestin recruitment can occur following different modalities (16 -19) , which may entail arrestin association with different binding partners for signaling and receptor transport (20) . In addition, a number of studies support the existence of signaling and receptor transport pathways that depend on neither G protein nor arrestin as effectors (21) (22) (23) (24) (25) .
The ligand promiscuity of the chemokine system extends to ACKRs, which permits us to specifically address ligand differences among G protein-independent pathways; such differences may pertain to receptor transport and/or chemokine degradation. This also provides an opportunity to interrogate the link between ACKR arrestin recruitment, transport, and chemokine degradation, which remains a matter of debate (26 -29) .
In this study, we report ACKR3 substitution mutants and compare their effect on arrestin responses to the endogenous ligands CXCL11 and CXCL12. We report, as functional correlates of these different receptor conformations, receptor internalization, recycling, and chemokine degradation, using ACKR3 and the substitution mutant R142 3.50 A.
Results

Design and characterization of ACKR3 activation mutants
Substitution mutants were designed of residues that line the activation-relevant polar network lining the central channel/cavity of the receptor and are involved in canonical 7TMR activation (G protein and arrestin recruitment) (30) . The conserved positions Asp 2.50 in TM2 (transmembrane domain 2), Asn 3.35 in TM3, and Tyr 7.53 in TM7 (superscript designates Ballesteros-Weinstein nomenclature (31)) were substituted, yielding mutants D90 2.50 N, N127 3.35 D, N127 3.35 K, N127 3.35 S, and Y315 7.53 A. In addition, the conserved DR 3.50 Y motif was mutated (D141 3.49 N, R142 3.50 A, and Y143 3.51 A). Overall and cell surface expression of C-terminally YFP-fused ACKR3 and mutants in transfected HEK293 cells were tested. Moreover, specific 125 I-CXCL12 radiolabel tracer binding (50 pM) was compared between wildtype and mutant receptors, as well as the IC 50 of competing unlabeled CXCL12 or CXCL11, as proxies for ligand affinity. As shown in Fig. 1A , quantification of the YFP tags suggested similar overall expression levels and thus stability of all mutants. However, mutants N127S, D141N, and Y143A were less detected at the cell surface, suggesting altered steady-state surface expression levels ( Fig. 1B) . Nevertheless, all transfectants showed substantial specific 125 I-CXCL12 tracer binding (Fig. 1C ) that was sufficient to perform binding competition experiments ( Fig. 1 (D and E) and Table 1 ). Affinity of R142A and Y315A was decreased for CXCL12, but not for CXCL11, whereas N127D and N127K slightly increased CXCL11 competition (and thus affinity) but did not change CXCL12 IC 50 . Taken together, all mutants were expressed at the cell surface to some degree, competent to bind 125 I-CXCL12 at trace concentrations, and the substitutions had different effects on the IC 50 of the two chemokines.
Arrestin responses to CXCL11 and CXCL12 were tested using bioluminescence resonance energy transfer (BRET), in dose-response experiments using up to 1 M ligand, as before (9, 29) . All substitutions affected arrestin recruitment at least quantitatively ( Fig. 2 and Table 1 ). Most strikingly, mutants D90N and R142A were still competent to recruit arrestin in response to CXCL12 (albeit reduced) but completely abolished CXCL11 responses. This highlights differences in the conformational transitions that trigger arrestin recruitment in response to the two ligands and that most likely derive from their different binding modes to the receptor (29) . Substitutions N127K, N127S, D141N, and Y315A abolished all ligand responses. Mutant N127S yielded 5-fold increased basal BRET, suggesting constitutive arrestin recruitment. Constitutive activation of this mutant may thus also underlie the observed reduced surface expression of this mutant and its increased agonist affinity ( Fig. 1 and Table 1 ). Of note, in CXCR4, substitution of Asn 3.35 by serine leads to constitutive G protein signaling (32) (whereas arrestin recruitment is not yet reported for this CXCR4 mutant).
Chemokine scavenging by ACKR3 mutants
The impact of the substitutions on chemokine ligand scavenging, one of the main ACKR3 functions, was tested. Degradation of 125 I-chemokines at trace concentrations (50 pM) was measured using cells transfected with minute amounts of receptor plasmid, to avoid saturation of scavenging by receptor overexpression, as previously established (29) ; mutant expression levels were controlled by quantification of the signal of the C-terminal YFP tag. As shown in Fig. 3 , the substitutions that affected scavenging clearly differed between CXCL12 and CXCL11. Substitutions N127S and D141N only reduced CXCL12, but not CXCL11 scavenging, whereas D90N, N127D, and Y143A reduced CXCL11 but not CXCL12 degradation. Scavenging of both chemokines was affected by the N127K and Y315A substitutions. Therefore, different determinants govern degradation of each chemokine. Strikingly, chemokine degradation effi-ciency and arrestin responses did not correlate, despite some overlap (e.g. compare CXCL11 arrestin response and degradation of mutants N127D and D141N), in line with our previous observations (29) . This prompted us to further investigate the role of arrestin for ACKR3-mediated ligand scavenging.
Chemokine scavenging by ACKR3 does not require arrestin
The effect of siRNA knockdown of arrestin in HEK293 cells on chemokine degradation was thus tested. As shown in Fig. 4 , complete knockdown of arrestin on the protein level, as judged by Western blotting, did not significantly affect scavenging of either chemokine ( Fig. 4 , A-C). However, siRNA knockdown does not entirely rule out ongoing expression of minute amounts of arrestin that might suffice for scavenging. We thus also tested genetically arrestin-ablated murine embryonic fibroblasts (MEFs), infected with lentivirus encoding green fluorescent protein (control) or human ACKR3 (hACKR3), as a second line of evidence. Wildtype MEFs infected with control virus readily scavenged CXCL12; CXCL12 scavenging was further increased upon overexpression of hACKR3 ( Fig. 4D ). In contrast, controlinfected wildtype MEFs scavenged CXCL11 only weakly, but this was drastically increased by overexpression of hACKR3. In all cases, scavenging was reduced by competition with unlabeled CXCL11 or CXCL12, indicating that MEFs express sufficient endogenous murine ACKR3 for CXCL12, but not for CXCL11, degradation. Inefficient scavenging of human CXCL11 by endogenous murine ACKR3 may reflect low affinity of the murine receptor for the human chemokine (human and murine CXCL12 are almost identical, unlike human and murine CXCL11). Perhaps unexpectedly, very similar results were obtained with double-knockout MEFs devoid of both ␤-arrestin isoforms ( Fig. 4E ). Taken together, these data demonstrate that arrestin is indeed dispensable for chemokine scavenging by ACKR3. In consequence, the failure of ACKR3 mutants to recruit arrestin cannot explain their failure to degrade CXCL12 or CXCL11, in line with the lack of correlation between the two parameters ( Fig. 3 and Ref. 29 ). Rather, failure to bind and/or activate other, unidentified chemokine-specific downstream interactors and/or effectors must therefore account for the observed Ϫ8
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inability to degrade chemokines. It is probable that such ligand-specific interactors/effectors relate to receptor internalization and intracellular transport.
Chemokine-dependent differences in ACKR3 intracellular trafficking
To further address potential ligand-specific differences in ACKR3 trafficking, receptor redistribution in response to the two chemokines was studied in live cells. Wildtype ACKR3 was compared with mutant R142A, which showed a ligand-dependent effect on arrestin recruitment and scavenging. HEK293 cells were transfected with receptor-YFP fusion proteins, and receptor redistribution after chemokine stimulation was observed by spinning disc confocal microscopy. Without chemokine stimulation, most of the receptor was localized inside the cells in diffuse freckles, as reported previously (33) ( Fig. 5A ). Chemokine challenge led to receptor redistribution into round vesicles in 60 -80% of the cells; this was observed in only 25% of the unstimulated cells ( Fig. 5B ). When stimulated with CXCL11, significantly more cells accumulated vesicles compared with CXCL12 (p Ͻ 0.05). Moreover, the number of receptor-YFP decorated vesicles per cell increased after chemokine challenge (Fig. 5C ); again, more vesicles accumulated per cell with CXCL11 stimulation compared with CXCL12 (p Ͻ 0.01). The R142A substitution attenuated both parameters, and 
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the differences between CXCL11 and CXCL12 became insignificant. These data suggest that more wildtype ACKR3, but not R142A, accumulated in vesicles after CXCL11 challenge, compared with CXCL12. It is of note that CXCL11-increased intracellular ACKR3 accumulation cannot be caused by higher affinity, because the CXCL11 affinity to ACKR3 is inferior to that of CXCL12. Rather, our observations suggest qualitatively different responses.
To specifically follow surface-exposed receptor, and to concomitantly follow arrestin relocalization, we performed confocal microscopy. N-terminally FLAG-tagged ACKR3 was co-expressed with ␤-arrestin2 fused to the red fluorescent protein mCherry (34) . Surface receptor was decorated with unlabeled anti-FLAG antibody at 4°C before washing the cells and re-exposure to 37°C, with and without stimulation, followed by staining with fluorescence-labeled secondary antibody. As shown in Fig. 6 (A and B) , ACKR3 internalized regardless of the presence of chemokine, as described previously (33) . Relocalization of co-expressed ␤-arrestin2-mCherry, however, depended on the presence of chemokines. The R142A mutant did not relocalize arrestin in response to CXCL11 (but did so in response to CXCL12), confirming the inability of the mutant to recruit arrestin in response to CXCL11, which was previously observed by BRET ( Fig. 2) . Similar results were obtained after 30 and 60 min of stimulation ( Fig. S1 ). Of note, relocalized arrestin did not always co-localize with internalized receptor, but was also observed in patches at the plasma membrane (see also Fig. S1 ), regardless of the chemokine used, reminiscent of similar obser-vations made in the ␤-adrenergic receptor system (35) . The R142A/CXCL11 images also confirm that receptor internalization, like chemokine scavenging, can occur independently from arrestin recruitment.
To quantify receptor internalization kinetics, we performed flow cytometry and measured the proportion of prelabeled surface receptor that remained at the surface at different time points. As shown in Fig. 6B , CXCL11 induced significantly faster internalization of wildtype ACKR3 than CXCL12. Intriguingly, internalization kinetics after CXCL11, but not CXCL12, challenge fitted biphasic decay best (p Ͻ 0.0001), involving a very rapid initial phase of internalization during the first few minutes after stimulation. Accordingly, remaining surface receptor differed significantly at very early time points between the chemokines (p Ͻ 0.05, t test). Again, given the higher affinity of ACKR3 for CXCL12 relative to CXCL11, it is unlikely that affinity differences account for the faster internalization after CXCL11 exposure. Interestingly, the fast component of receptor internalization after CXCL11 challenge was strongly attenuated by the R142 3.50 A substitution, and internalization rates of this mutant were similar after challenge with either chemokine.
Receptor recycling was then addressed, using a protocol first used for ACKR3 by Naumann et al. (33) . After chemokine stimulation for 15 min at 37°C, the remaining chemokine and surface receptor were degraded with proteinase K on ice. This was followed by re-exposure of the cells to 37°C, and time-dependent reappearance of receptor at the cell surface was quantified 
by staining with fluorescence-labeled anti-ACKR3 antibody. Of note, preincubation and the continuous presence of cycloheximide during these experiments ensured that reappearing surface receptor was indeed recycled and not newly synthesized.
As shown in Fig. 7 , no recycling was observed at earlier time points after CXCL11 challenge, in contrast to significant recycling after 15 and 45 min following stimulation with CXCL12. Nevertheless, the proportion of recycled receptor was similar after 3 h, in line with a previous report (36). The significant delay in ACKR3 recycling after CXCL11 challenge was abro-gated by the R142 3.50 A substitution mutant, for which receptor recycling rates did not significantly differ after CXCL12 or CXCL11 stimulation (Fig. 7, B and C) .
Taken together, these data demonstrate that ACKR3 internalization and recycling rates are different after exposure to CXCL12 or CXCL11. CXCL11 leads to more rapid internalization ( Fig. 6B ) and delayed recycling (Fig. 7) . Both mechanisms should prolong intracellular sojourn of the receptor, providing independent support for the conclusions drawn from the observations made in Fig. 5 . Strikingly, in line with the micros- Figure 6 . Internalization of prelabeled surface ACKR3. A, confocal microscopy of HEK293 cells co-expressing wildtype or mutant ACKR3 (bearing an N-terminal FLAG tag but no C-terminally fused YFP tag) and ␤-arrestin2 mCherry (red fluorescence). The top row shows surface labeling of the N-terminal FLAG tag and revelation with secondary Alexa Fluorா 488-conjugated antibody (green fluorescence) at 4°C. The other rows show secondary labeling of permeabilized cells after 90 min of rapid temperature shift to 37°C in the absence (control) or presence of 100 nM CXCL12 or CXCL11. B and C, quantification by flow cytometry of receptor internalization after prelabeling with uncoupled anti-FLAG antibody, followed by temperature shift and stimulation as indicated. Secondary labeling was performed at the indicated time points. Upon simultaneous curve fit, the preferred fit is a two-phase decay for ACKR3/CXCL11 (p Ͻ 0.0001), but also R142A/CXCL12 (p ϭ 0.029) and R142A/CXCL11 (p ϭ 0.0010), whereas a one-phase decay model is preferred in the absence of stimulation and for ACKR3/CXCL12 (ANOVA with Tukey's post hoc test at the indicated time point: *, p Ͻ 0.05 between CXCL11 and CXCL12). All data are from three independent experiments, and error bars represent S.D.
copy results, the R142A substitution abrogated these particularities. Indeed, after CXCL11 challenge of R142A, the quantity of vesicle-associated receptor and the receptor internalization and recycling rates are close to those observed with CXCL12challenged wildtype ACKR3. Nevertheless, despite matching kinetics, R142A degrades only CXCL12 and not CXCL11 (Fig.  3) . Taken together, these independent lines of evidence suggests that the characteristic ACKR3 transport kinetics in response to CXCL11 are mandatory for its degradation. Indeed, receptor internalization and recycling kinetics that permit CXCL12 degradation do not lead to CXCL11 degradation, pointing toward chemokine-specific intracellular transport as a prerequisite for efficient scavenging.
Discussion
Progress in the structural biology of 7TMRs has begun to unravel the fine-tuning of the conformational changes by which receptors translate extracellular ligand binding into intracellular interactions with different effectors (37) (38) (39) . ACKR3, which has been called a "biased receptor" (11) , permits comparison of the effects of point mutations on conformational transitions that specifically lead to activation of G protein-independent signaling in response to two different ligands. Our substitutions targeted conserved polar residues that line the central watermediated polar network, which undergoes major rearrangements upon activation (40) , also in ACKR3 (41) . Importantly, in canonical 7TMRs, substitution of different positions lining the network affects G protein and arrestin signaling differently, implying that this region relates to the fine-tuning of coupling efficiencies to different effectors.
We find that, in ACKR3, mutation N127 3.35 K blocks arrestin recruitment induced by either CXCL12 or CXCL11, in line with the N 3.35 K substitution keeping TM3 in a fixed position, thus globally preventing ligand-induced conformational changes in the receptor (37) . Inversely, constitutive arrestin recruitment to the N127 3.35 S mutant suggests spontaneous release from conformational constraints of the inactive receptor state. Indeed, position Asn 3.35 is a known central activation switch of canonical chemokine, angiotensin, and opioid receptors, where substitutions with small residues result in constitutive activity, whereas substitution with lysine freezes the receptor in the inactive state (32, 42, 43) . Our findings thus suggest a similar role for position Asn 3.35 in ACKR3 and indicate no fundamental difference from the overall activation mechanisms of canonical 7TMRs.
Our data highlight, however, that ACKR3 ligation by CXCL11 or CXCL12 results in different conformational transitions. Mutation of the highly conserved D90 2.50 N and R142 3.50 A were deleterious for the arrestin response to CXCL11 but still permitted substantial (although reduced) responses to CXCL12. In canonical 7TMRs, substitutions of the conserved DR 3.50 Y motif affect G protein and arrestin pathways differently (44) , and Arg 3.50 may indeed directly participate in interaction not only with the G protein C terminus (45, 46) , but also with the arrestin finger loop in the "core" configuration of arrestin recruitment (47, 48) . Our data are compatible with qualitatively different engagement of the central receptor cavity by arrestin after stimulation with the different chemokines. Mutation of residue Asp 2.50 results in reduced G protein activation by various 7TMRs (40, 42, 49) , potentially also through increased efficacy of arrestin coupling (50, 51) ; however, blunting of arrestin responses by the Asp 2.50 substitution was also reported (52) . This suggests that the Asp 2.50 role for arrestin recruitment depends on the receptor and the ligand being studied. Finally, substitution of position Tyr-315 7.53 , which is not involved in G protein activation, completely blocked arrestin recruitment to ACKR3 by both chemokines. This is consistent with its reported central role for arrestin responses of canonical 7TMRs (49, 50, (53) (54) (55) .
Taken together, several overall features (i.e. the roles of Asn 3.35 and Tyr 7.53 ) of the ACKR3-activating conformational transitions resemble those of the canonical 7TMRs. Our data also provide evidence for different ACKR3 conformational transitions following CXCL11 or CXCL12 binding, consistent with the different receptor-binding modes of these chemokines (29) . This suggests that different sets of effectors may be engaged, and the same effector may be engaged following different modes of interaction, in response to the two ligands. This may entail different signaling and/or receptor transport.
Indeed, our data consistently show receptor transport differences in that CXCL11, compared with CXCL12, induces faster 
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ACKR3 internalization and slower recycling, leading to longer intracellular sojourn and accumulation of the receptor. This is not explained by differences in ligand affinity or potency, because CXCL11 has lower affinity than CXCL12, but points toward different mechanisms of endocytosis and intracellular transport. Ligand-dependent endocytosis and recycling rates of the same receptor have been reported for canonical chemokine receptors (14, 56) . Our data suggest that these previous observations may not be simply due to different arrestin recruitment efficacies or to differentially interfering or cross-talking G protein signaling at canonical receptors but also to qualitative differences among the engaged G protein-independent pathways. With the ACKR3 R142A substitution mutant, internalization and recycling rates in response to CXCL11 and CXCL12 were matched and resembled those of the wildtype receptor after CXCL12 challenge. Nevertheless, ACKR3 R142A degraded CXCL12, but not CXCL11 (for which its affinity is unaltered), indicating that the characteristic receptor transport kinetics after CXCL11 challenge are necessary for degradation of this chemokine. In other words, chemokine-specific receptor transport was a requirement for degradation and may relate to individual intracellular degradation compartments and/or mechanisms for each chemokine. Consistent with different requirements for degradation, CXCL11 degradation was severely blunted by substitutions D90N, N127D, and R142A, which did not affect CXCL12 degradation. Inversely, substitutions N127S and D141N affected CXCL12 but not CXCL11 degradation. Of note, the sets of mutants affecting chemokine degradation did not match arrestin recruitment phenotypes, despite some overlap (such as for R142A), as already observed previously (29) . Our data do not exclude a subtle role for arrestin in chemokine degradation by modulation of the intracellular receptor transport, as reported with the formyl peptide receptor FPR (57), but also with ACKR3 (58) and ACKR2 (27) . However, our results using anti-arrestin siRNA and arrestin double-knock-out MEFs exclude arrestin itself as an essential player in ACKR3 transport to specific intracellular degradation compartments and also in ACKR3 internalization, contrary to previously claims (36). Rather, the involvement of other, unidentified, ACKR3 effectors needs to be considered. The potential role of arrestin in ACKR-mediated chemokine degradation is the subject of debate, with some, but not all, investigators finding arrestin dispensable (26 -28, 59) . Our previous work had already highlighted that degradation efficiency and arrestin recruitment can be discordant for ACKR3 substitution mutants (29) , and we now confirm that arrestin is not needed for ACKR3-mediated chemokine degradation.
Therefore, overall, our data show that ligand-dependent ways to engage arrestin, the sole known ACKR3-interacting protein, overlap with, but are not causal of, ligand-specific receptor trafficking, which is needed for chemokine degradation. This opens up a series of new questions that relate to (i) ligand-specific ACKR3 engagement of other, unknown adaptor proteins, (ii) the diverging intracellular transport between CXCL11-and CXCL12-bound ACKR3, and (iii) the requirements for efficient CXCL11 degradation. Indeed, additional effectors and/or adaptor proteins that ACKR3 can engage in a ligand-specific way need to be identified. Arrestin domain-con-taining proteins, which reportedly modulate receptor trafficking and endosomal residence time (60) , may be promising candidates. However, a host of other candidates exist, such as members of the NHERF family (61) . It also needs to be clarified whether ligand-specific ACKR3 adaptors direct CXCL11-and CXCL12-bound ACKR3 toward separate endocytic and transport pathways, and if so, the resulting respective intracellular trajectories need to be delineated in more detail. Alternatively, ligand-specific adaptor proteins might instead regulate the dynamics of the same endocytic machinery, as described previously (62) . Finally, it remains an open question whether the requirement for CXCL11-specific intracellular receptor transport for efficient degradation of this chemokine reflects the intervention of specific sets of enzymes that reside in defined intracellular compartments. In this case, access to such CXCL11-degrading compartments would depend on adaptors that are specifically engaged by CXCL11-bound ACKR3. Alternatively, the intracellular degradation kinetics of CXCL11 may be significantly slower than those of CXCL12 or require different pH but occur essentially via the same mechanisms; this might also explain the need for longer intracellular sojourn of CXCL11-bound ACKR3 for efficient degradation. More research is needed to distinguish between these possibilities.
Experimental procedures
Materials
Recombinant chemokines were a kind gift from Amanda Nevins and Brian Volkman or from PeproTech Inc. (Rocky Hill, NJ); radiolabeled chemokines were from PerkinElmer Life Sciences. Coelenterazine h (for BRET1 experiments) was from NanoLight Technology (Pinetop, AZ). The anti-ACKR3 (CXCR7) monoclonal antibodies (clones 358462 and 11G8) as well as allophycocyanin (APC)-labeled goat anti-mouse antibody were from R&D Systems (Minneapolis, MN), and anti-FLAG M2 antibody was from Sigma.
Generation of ACKR3 mutants
Receptor mutants were generated by PCR in ACKR3-YFP, which has been described and analyzed before (9) , and in ACKR3 bearing an N-terminal FLAG tag; the sequences of the resulting mutants were confirmed by sequencing.
Cell culture and transfection
HEK293 cells were maintained in Dulbecco's modified Eagle's medium (DMEM), 1% penicillin-streptomycin (Invitrogen), and 10% fetal bovine serum (Wisent, Montreal, Quebec, Canada). Transient transfections were performed using the polyethyleneimine method.
Flow cytometry
Receptor mutant expression was quantified by flow cytometry. Cells were stained for 30 min on ice, followed by washing and analysis using a FACSCalibur (BD Biosciences) cytometer. Overall mutant protein expression was quantified by the C-terminal YFP moiety. Data analysis was performed using Cell-QuestPro and FlowJo software.
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Radioligand-binding assays HEK293 cells expressing ACKR3-YFP or the indicated mutants were incubated for 5 min at 37°C with 100 M phenylarsine oxide. Cells were collected, washed, and incubated with 50 pM 125 I-CXCL12 tracer in binding buffer (50 mM HEPES, pH 7.4, 5 mM MgCl 2 , 1 mM CaCl 2 , 0.2% BSA) in the presence or absence of the indicated concentrations of unlabeled CXCL12 or CXCL11 for 30 min at 37°C. After removal of unbound tracer, bound radiolabel was quantified in a ␥ counter.
Arrestin recruitment
␤-Arrestin2 recruitment was monitored as described previously using a BRET-based assay (10) . Briefly, HEK293 cells were transiently transfected with receptor-YFP fusion and ␤-arres-tin2-Rluc constructs. Transfected cells were seeded onto poly-D-lysine-treated 96-well plates. Culture medium was replaced with PBS supplemented with 0.1% BSA and 0.5 mM MgCl 2 at 48 h post-transfection. Cells expressing -YFP and -Rluc fusions at a ratio resulting in BRET max were stimulated with chemokine ligands for 5 min at 37°C followed by the addition of coelenterazine h to 5 M (NanoLight Technology) for 10 min at 37°C. Fluorescence and luminescence readings were performed using a Mithras LB940 plate reader (Berthold Technologies, Bad Wildbad, Germany) while the cells remained attached to the plastic surface of the assay plates. BRET net is calculated by subtracting the background BRET ratio observed in cells expressing ␤-arrestin2-Rluc alone.
Chemokine scavenging
Chemokine degradation was essentially performed as before (29, 63) . Cells were transfected in 6-well plates with 10 or 100 ng/well plasmid (for CXCL12 or CXCL11 degradation, respectively). 24 h post-transfection, cells were transferred to 24-well plates and allowed to attach. Receptor mutant expression levels were quantified by flow cytometry, monitoring mean fluorescence intensity in the YFP channel; only mutant expression levels greater than or equal to that of wildtype ACKR3 were used for degradation-impaired mutants, and less than or equal to that of wildtype ACKR3 for degradation-intact mutants. For degradation, medium was replaced with 200 l of 50 pM 125 Ilabeled chemokine in HEPES-buffered serum-free DMEM containing 1% BSA for 3 h at 37°C. Supernatants were collected, and cells were washed in glycine buffer (pH 2.8) to remove surface-attached chemokine; washing buffer was pooled with supernatant and subjected to 12.5% TCA precipitation. Precipitate represents intact chemokine, whereas the supernatant contains chemokine degradation products; radioactivity that remained associated with the cells was also counted.
siRNA knockdown and Western blotting
HEK293 cells were seeded into 60-mm cell culture dishes in DMEM supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Invitrogen). The next day, cell culture medium was replaced by DMEM without penicillin-streptomycin. The cells were then transfected using Lipofectamine RNAiMax (Invitrogen) with 5 l of either ARRB1 or ARRB2 siRNA (20 M) or with both siRNAs (ON-TARGET plus ARRB1/2 siRNA-SMART pool, GE Healthcare). The transfection was repeated 24 h later without changing cell culture media. The transfected cells were maintained for another 24 h in culture in DMEM, 10% fetal bovine serum, and 1% penicillinstreptomycin. The cells were finally washed with PBS, collected, resuspended in PBS, and placed at Ϫ20°C. Cells were frozen and lysed after 24 h or processed for the chemokine scavenging assay. Total protein concentration of cell lysates was determined using the DC protein assay (Bio-Rad). 50 g of total protein from each cell lysate were separated by 8% polyacrylamide SDS-PAGE and transferred onto a PVDF membrane. The membrane was blocked in TBST buffer (100 mM Tris, 150 mM NaCl, 0.1% Tween, pH 8) containing 5% nonfat milk for 1 h at room temperature, followed by incubation overnight at 4°C with a 1:500 dilution of anti-␤-arrestin antibody (BD Biosciences) in TBST buffer containing 5% bovine serum albumin. After washings in TBST, membrane was incubated for 1 h at room temperature with a 1:1000 dilution of anti-mouse HRP antibody (Jackson Immunoresearch Laboratories) and again washed with TBST. Revelation was done using ECL substrate (Clarity Western ECL substrate, Bio-Rad) and digital imaging (G:BOX Chemi XRQ with Genesys software, Syngene).
hACKR3 overexpression in MEFs
Murine embryonic fibroblasts devoid of both ␤-arrestin1 and ␤-arrestin2 expression were generous gifts from Dr. Robert Lefkowitz (Duke University Medical Center). Lentiviral vectors were based on pCCLsin-hPGK (Addgene) and expressed either GFP (control) or FLAG-tagged hACKR3. Infected cells were processed for chemokine degradation assays as described above.
Live cell imaging
HEK293 cells transfected with wildtype or R142A ACKR3-YFP were seeded into 8-well chambered coverglass slides (Labtek). Live cell imaging was performed using a spinning-disc confocal system (UltraVIEW Vox, PerkinElmer Life Sciences) consisting of a scanning unit (CSU-X1; Yokogawa Corp.) and a charge-coupled device camera (ORCA-R2; Hamamatsu Photonics) fitted to an inverted microscope (DMI6000 B; Leica) equipped with a motorized piezoelectric heated stage (Applied Scientific Instrumentation). Image acquisition and vesicle quantification was performed using Volocity software, version 6.3 (PerkinElmer Life Sciences). Imaging was performed using a Plan Apochromat ϫ40, 0.85 numerical aperture air objective with camera binning set to 2 ϫ 2. High-resolution imaging was performed using Plan Apochromat ϫ100 oil immersion objectives, numerical aperture 1.4, with camera binning set to 2 ϫ 2. For each of the three independent experiments, at least five fields per condition were randomly chosen and analyzed. For each field, 10 z-slices of 1 m were acquired.
ACKR3 internalization and recycling
For ACKR3 internalization and recycling assays, FLAG-ACKR3-expressing HEK293 cells were used. To specifically follow internalization, cells were prelabeled with anti-FLAG M2 antibody (Sigma) on ice. Cells were then washed, stimulated with a 200 nM concentration of the indicated chemokine,
ACKR3 conformations and intracellular transport
and shifted to 37°C. Aliquots were drawn at the indicated time points, washed, and labeled with secondary APC-coupled goat anti-mouse antibody (R&D Systems). The protocol for ACKR3 recycling was essentially as described (33) , using cells cultured in DMEM supplemented with dialyzed fetal calf serum (Gibco). FLAG-ACKR3-expressing cells were exposed for 2 h to 50 M cycloheximide in HEPES-buffered DMEM without serum but with 1% BSA before inducing receptor internalization for 15 min as above. Cells were then spun down and incubated on ice with 0.5 g/ml proteinase K (Sigma) for 90 min to digest remaining surface receptor and chemokine. After washing, the cells were shifted to 37°C for various intervals. At all steps of the experiments, aliquots were drawn, and surface receptor was labeled with APC-coupled anti-ACKR3 monoclonal antibody 358426. Surface ACKR3 was quantified by flow cytometry as above.
Confocal microscopy
HEK239T cells expressing wildtype or R142A mutant FLAG-ACKR3 and ␤-arrestin2-mCherry were prelabeled with anti-FLAG M2 antibody (Sigma) on ice for 1 h, washed, and then stimulated with or without a 100 nM concentration of the indicated chemokine at 37°C for 1 h. After washing in cold PBS, cells were fixed in 4% paraformaldehyde, permeabilized with 0.05% saponin, saturated with PBS containing 10% fetal bovine serum, and incubated with Alexa Fluor 488-conjugated fluorescent secondary antibody (Life Technologies, Inc.). Coverslips were then mounted onto glass slides using Mowiol. Confocal images were captured with a LSM 780 operated with Zen software using a ϫ63, 1.4 numeric aperture Plan-Apochromat objective (Carl Zeiss).
Data analysis
Data analysis was performed using GraphPad Prism version 6 software (GraphPad Software, Inc., La Jolla, CA). 
